Objective-To assess presynaptic function of cardiac autonomic innervation in patients with advanced congestive heart failure using positron emission tomography (PET) and the recently developed radiolabelled catecholamine analogue carbon-11 hydroxyephedrine (HED) as a marker for neuronal catecholamine uptake function. Design and patients-29 patients suffering from dilated cardiomyopathy with moderate to severe heart failure were compared with eight healthy controls. Perfusion scan was followed by HED dynamic PET imaging of cardiac sympathetic innervation. The scintigraphic results were compared with markers of disease severity and the degree of sympathetic dysfunction assessed by means of heart rate variability. Results-In contrast to nearly normal perfusions, mean (SD) HED retention in dilated cardiomyopathy patients was abnormal in 64 (32)% of the left ventricle. Absolute myocardial HED retention was 10.7 (1.0)%/min in controls v 6.2 (1.6)%/ min in dilated cardiomyopathy patients (p < 0.001). Moreover, significant regional reduction of HED retention was demonstrated in apical and inferoapical segments. HED retention was significantly correlated with New York Heart Association functional class (r = −0.55, p = 0.002) and ejection fraction (r = 0.63, p < 0.001), but not, however, with plasma noradrenaline concentrations as well as parameters of heart rate variability. Conclusions-In this study, using PET in combination with HED in patients with dilated cardiomyopathy, not only global reduction but also regional abnormalities of cardiac sympathetic tracer uptake were demonstrated. The degree of abnormality was positively correlated to markers of severity of heart failure. The pathogenetic mechanisms leading to the regional differences of neuronal damage as well as the prognostic significance of these findings remain to be defined. (Heart 1999;81:262-270) 
Neurohumoral activation is a common finding in patients with congestive heart failure. [1] [2] [3] [4] [5] Several alterations of the cardiac sympathoadrenergic system have been reported, 6 all of them resulting in a reduction of cardiac responsiveness to adrenergic stimulation. 7 Postsynaptic 1 adrenoceptor density is reduced, 8 9 whereas the concentrations of inhibiting Gi proteins are raised. [10] [11] [12] These findings could partially be induced by the chronically raised plasma noradrenaline concentrations reported in these patients. [1] [2] [3] [4] [5] In addition to that mechanism, cardiac noradrenaline turnover is increased. Sympathetic activation in chronic congestive heart failure may lead to increased noradrenaline release with increased spillover to plasma and subsequent tissue depletion. [13] [14] [15] It is uncertain whether impaired neuronal reuptake acts as a relevant additive mechanism. Recently, in myocardial tissue from patients suVering from terminal congestive heart failure, Bohm et al found a reduction in noradrenaline uptake sites. But information on this issue is still limited and inconsistent. 16 17 Imaging of cardiac sympathetic innervation was first carried out in the 1980s with the introduction of I-123 metaiodobenzylguanidine (I-123 MIBG) and single photon emission Recently, positron emission tomography (PET) imaging, using the newly developed synthetic catecholamine analogue carbon-11 (C-11) hydroxyephedrine (HED) (fig 1) provides quantitative means for non-invasive investigation of presynaptic neuronal function. 18 After intravenous injection HED clears rapidly from the blood pool and is avidly retained in myocardium, with heart to blood ratio exceeding 5:1 within 10 minutes. Myocardial activity remains constant at about 80% of the peak activity for at least 60 minutes. 18 The tracer is useful in the assessment of global and regional changes of cardiac sympathetic innervation under various clinical conditions, as shown in patients after cardiac transplantation, 19 with diabetic autonomic neuropathy, 20 or after myocardial infarction. 21 This study aimed to assess cardiac autonomic innervation in patients suVering from advanced congestive heart failure, using HED as a marker for presynaptic neuronal uptake-1 activity, and to compare the scintigraphic findings with the severity of cardiac disease and with markers of sympathetic dysfunction, quantified by means of heart rate variability.
Methods

STUDY PATIENTS
Two groups of patients were investigatedeight healthy volunteers without any medical treatment served as control subjects and were compared with 29 patients suVering from idiopathic dilated cardiomyopathy, New York Heart Association (NYHA) class II-III. Idiopathic dilated cardiomyopathy was assumed in the absence of coronary heart disease, excluded by coronary angiography, valvular heart disease, or any kind of secondary cardiomyopathy. Patients in stable clinical conditions, with a history of cardiomyopathy of more than six months' duration, were eligible for the study. Medical treatment of all patients consisted of diuretics, angiotensin converting enzyme inhibitor, and, if not contraindicated, digoxin. Medications known or suspected to interfere with neuronal uptake of catecholamine analogues, such as tricyclic antidepressants, were discontinued for more than two weeks before the patients were entered into the study. None of the patients was on blocker treatment before the scintigraphic examination. Patients with a history of diabetes mellitus 20 or amiodarone treatment, which are suspected to interfere with HED kinetics, were excluded.
The study protocol was approved by the institutional ethics committee of the Technische Universität München. Written informed consent was obtained from all patients and control subjects before entering the study.
CLINICAL EVALUATION
Clinical examination was performed before the PET study and history of disease was recorded in all patients. Symptoms were described using NYHA functional class criteria. To determine resting ejection fraction, gated blood pool imaging was carried out in all patients. Plasma catecholamine concentrations were determined during PET. After a resting period of at least 30 minutes blood samples were obtained in supine position, from a needle placed in a large forearm vein at the beginning of the investigation. Blood sampling was performed without stoppage, using heparinised 5 ml syringes, which were cooled on ice immediately. Plasma was separated using a cooled centrifuge for 10 minutes and stored at −60°C until assay. Noradrenaline concentrations were determined using a high performance liquid chromatography method. 22 23 To determine parameters of heart rate variability, ambulatory ECG tapes of patients with preserved sinus rhythm were replayed using a Zymed 1610 high speed Holter scanner with an automated analysis system trained to diVerentiate between normal and abnormal QRS complexes. All abnormal QRS complexes and their adjacent intervals, as well as phases of intermittent atrial fibrillation, were excluded from the calculation of heart rate variability. Cycle lengths diVering less than 20% from the preceding sinus cycle length (NN) were stored as R-R interval file for further evaluation. Time domain parameters of heart rate variability were calculated as: (1) standard deviation of all R-R intervals over 24 hours (SDNN); (2) standard deviation of the mean R-R interval for all five minute segments of a 24 hour recording (SDANN); (3) heart rate variability triangular index (HRVTrilnd), calculated by dividing the total number of R-R intervals by the modal R-R interval frequency; (4) square root of the mean of the sum of the squares of diVerences between adjacent NN intervals (RMSSD). 
POSITRON EMISSION TOMOGRAPHY
The scintigraphic methods are described in detail elsewhere. 18 20 21 25-29 Therefore, they are summarised briefly.
All PET studies were performed on a Siemens/CTI 951 15 slice whole body tomograph. Imaging was carried out within four weeks of the initial clinical evaluation. Perfusion scan using nitrogen N-13 ammonia was combined with HED dynamic PET according to the following scheme (fig 2) . Imaging was initiated with 185-370 MBq (5-10 mCi) of N-13 ammonia, injected intravenously, in order to evaluate myocardial perfusion at rest. A 10 minute static acquisition was performed, commencing three minutes after injection. Then a transmission study for subsequent attenuation correction of the emission data for attenuation was acquired using a retractable germanium-68 ring source. After waiting one hour for N-13 decay, neuronal imaging of the heart was performed after bolus injection of 740 MBq (20 mCi) of HED. Data were acquired dynamically in frame mode (14 frames) to determine tracer activity in both blood and myocardium. IMAGE RECONSTRUCTION HED and N-13 ammonia emission data were attenuation corrected and reconstructed by filtered back projection using a Hanning filter with cut oV of 0.3 cycles/pixel. Images were reoriented to the long and short axes of the left ventricle using a SUN computer workstation. A semiquantitative approach was used to determine HED uptake both globally and regionally. A microcomputer based circumferential count profile analysis was performed on the original images of perfusion and HED retention with radial search for maximal activity in 36 sectors around the left ventricular wall. The results were depicted as polar maps of maximal tracer activity. HED retention index was determined by normalising myocar- dial tracer activity from 30-40 minutes to the integral of the C-11 activity input function, which was determined from the area under the time−activity curve for a small region of interest (3 × 3-4 × 4 pixels) placed in the centre of the left ventricular blood pool. The following formula was used: retention index (%/ min) = tissue counts between 30-40 min ÷ sum blood counts from time 0 to 40 min.
The HED retention index of every segment was computed and displayed as polar coordinate map of regional tracer activity.
HOMOGENEITY OF MYOCARDIAL TRACER
RETENTION
The studies performed in healthy volunteers were averaged to form a database of normal values of HED retention. Individual patient polar maps were compared with the database. Values > 2.5 SD below database values were defined as abnormal. The extent of heterogeneity was expressed as the percentage of left ventricular map area > 2.5 SD below database values.
REGIONAL PATTERN OF TRACER RETENTION
The polar maps were divided into nine regions, as depicted schematically in fig 3. Within each region the tracer activity was expressed both absolutely and as a percentage of the maximal activity in the map.
Myocardial HED retention has been previously shown to be flow related. 30 To avoid these limitations, polar maps of N-13 ammonia and HED retention were normalised to the highest values (3 × 3 pixels) found in every data set. Then the relation between myocardial blood flow and HED retention was computed to determine the ratio of regional HED/flow counts for combined proximal, distal, and apical segments. Values below 1 represent regions with preserved perfusion but reduced HED retention.
STATISTICAL METHODS
Data are expressed as mean (SD). DiVerences in group means were compared using the Mann-Whitney non-parametric test for unpaired samples. The diVerence between flow and HED retention in the same patient was compared using the Student test for paired samples. The relation between clinical datafor example, resting ejection fraction, plasma noradrenaline concentrations, heart rate variability parameters, and HED retention-was compared by linear regression, computing the Pearson correlation coeYcient r and t test for significance of the slope of the regression line. Significance was defined as p < 0.05.
Results
The baseline characteristics of the two groups are summarised in table 1. Mean age was 38 (9) years in the control group, compared to 46 (11) years in the patients with dilated cardiomyopathy. Thirteen dilated cardiomyopathy patients were in NYHA functional class II (mean ejection fraction 25 (7)%), 16 in NYHA functional class III (mean ejection fraction 18 (6)%). Examples of PET images and the obtained polar maps of the circumferential count profile analysis are depicted for two patients (fig 4 and fig 5) . (10) 72 (12) 74 (13) 79 (13) 67 (13) HED-abs, absolute C-11 hydroxyephedrine retention; HED < 2.5 SD, inhomogeneity of C-11 hydroxyephedrine retention. (table 3) . In 16 cases with preserved sinus rhythm Holter ECGs were available to determine heart rate variability. Weak correlation was detected between inhomogeneity of tracer retention and HRVTrilnd (r = 0.51, p = 0.04). No correlation was detected between HED retention and other time domain parameters of heart rate variability in this subset of patients (table 4) .
Discussion
The scintigraphic approach of this study provides new insights into the changes of the cardiac sympathoadrenergic system in patients with progressive congestive heart failure. PET and HED retention in cardiac neuronal tissue was used as a marker for the integrity of sympathetic nerve terminals. Patients with advanced dilated cardiomyopathy demonstrate not only an absolute reduction of myocardial HED retention of about 42%, but also a regional pattern of retention abnormalities. Lowest values of tracer activity were demonstrated in the inferior and apical segments. The reduction was independent of diVerences in tracer delivery as demonstrated by direct comparison to myocardial perfusion assessed by N-13 ammonia. However, a weak correlation was observed between myocardial HED activity and markers for the severity of heart failure-for example, resting ejection fraction and NYHA functional class-but not with resting noradrenaline concentrations and heart rate variability criteria.
DIFFERENT TRACERS FOR CARDIAC SYMPATHETIC NEURONAL FUNCTION
Previous studies using SPECT and I-123 MIBG, another noradrenaline analogue with high aYnity to sympathetic neuronal tissue, for the evaluation of presynaptic sympathetic function showed pathological findings under diVerent conditions of cardiac diseases. Pathological findings of MIBG imaging, reflecting functional alteration of sympathetic innervation, were first reported in heart failure dogs by Rabinovitch and colleagues, 31 and in patients with dilated cardiomyopathy by Schofer, 32 and Glowniak.
33 I-123 MIBG myocardial retention was significantly reduced and heterogeneity in tracer distribution significantly increased. Relations between tracer retention, myocardial noradrenaline concentrations derived from endomyocardial biopsy samples, and left ventricular ejection fractions were demonstrated. Methodical problems, however, limit the value of myocardial I-123 MIBG scintigraphy as a non-invasive method for the quantitative assessment of myocardial adrenergic nervous system in patients with idiopathic dilated cardiomyopathy. The application of SPECT technique results in restricted spatial resolution which makes the determination of regional differences diYcult and quantification of tracer uptake impossible. Furthermore, interpretation of I-123 MIBG cardiac behaviour is complicated by a considerable amount of nonspecific tissue uptake, reflecting non-neuronal tracer deposition sites.
These limitations can be avoided using PET and HED, which, similar to I-123 MIBG, competes with noradrenaline for the energy dependent neuronal catecholamine transport system (uptake-1) and vesicular storage mechanisms. HED cardiac behaviour is characterised by a very rapid neuronal uptake via uptake-1, which is "flow limited". 34 Unlike noradrenaline, HED is not metabolised within the neuron by the monoamine oxidase. It is transported into vesicles by the monoamine transporter. In contrast to natural catecholamines, HED, because of its more lipophilic and less polar properties, rapidly leaks out of vesicles and diVuses across neuronal membranes back into interstitium. Thus, HED is dynamically recycled into the neuron, its kinetics being sensitive to the degree of sympathetic activation leading to increased competition with noradrenaline for transport at the neuronal transporter. 34 Unlike I-123 MIBG, HED extraneuronal uptake is very low, as determined in desipramine treated rat hearts. 34 Similar to I-123 MIBG, however, HED myocardial clearance rate does show a dependence on noradrenaline concentrations. 25 34 HED cardiac imaging in humans has been shown to be specific and sensitive for alterations of neuronal function. Clinical studies in patients after heart transplantation demonstrated complete abolition of tracer retention in the denervated donor heart in the early postoperative phase, whereas in the later period an increasing degree of HED retention was interpreted as reinnervation of the transplanted organ. 19 Studies in patients after myocardial infarction undergoing thrombolytic treatment, 27 and in patients with diabetic sympathetic neuropathy, 20 showed an involvement of the cardiac sympathoadrenergic system in the disease process with localised defects of sympathetic innervation. However, to our knowledge, this is the first study using PET and HED in patients with congestive heart failure.
MECHANISMS OF SYMPATHOADRENERGIC DYSFUNCTION IN DILATED CARDIOMYOPATHY
The regional pattern of neuronal dysfunction in dilated cardiomyopathy appears to be similar to the findings in patients suVering from progressive dysfunction of the autonomic innervation of the heart, associated with diabetic neuropathy. 20 In both cases the possible mechanisms and underlying structural abnormalities leading to the process of neuronal damage are unknown. Possible aetiologies include functional impairment caused by metabolic abnormalities, neuronal ischaemia, and immune mediated injury.
There are several possible explanations for a decrease in myocardial HED retention in dilated cardiomyopathy. Reduced HED delivery as a consequence of reduced myocardial blood flow could be ruled out by the normal perfusion scans. Competitive inhibition of reuptake, caused by raised circulating noradrenaline concentrations, may be another. However, no correlation was found between plasma noradrenaline concentrations and HED retention in this study, making this explanation unlikely. Increased sympathetic nerve firing rates in heart failure may be a further mechanism for competition between endogenous neuronal noradrenaline reuptake and HED uptake. The increased wall stress of a dilated left ventricle may result in metabolic abnormalities, leading to decreased activity of either or both the highly energy dependent uptake-1 function and vesicular storage mechanism. The subsequent reduction of neuronal reuptake with lacking inactivation of noradrenaline in the synaptic cleft may play a key role in all subsequent changes of the sympathetic signal transduction pathway in heart failure, especially the postsynaptic desensitisation. DiVerentiation between uptake or storage abnormalities in the sympathetic nerve terminal is not possible using PET and HED. However, recently in vitro binding assays on myocardial tissue of patients with advanced heart failure reported reduced activity of the energy dependent uptake-1 activity. 17 Furthermore, reduced HED retention may indicate loss of neuronal tissue which has become irreversibly damaged by mechanisms of the underlying disease process. Visualisation of neuronal tissue with immunohistochemical methods is diYcult and has to be done in experimental animal models, postmortem, or with explanted hearts. To determine whether the scintigraphic findings observed in this study are caused by irreversible loss or potentially reversible functional disturbances of sympathetic neurons, longitudinal studies in patients receiving treatment with a known eVect on autonomic activation are necessary.
Earlier studies in dilated cardiomyopathy patients detected a reduction in time domain measures of heart rate variability as a consequence of severity of heart failure, but not, however, an increase of low frequency components of spectral power, which is considered to be a marker of sympathetic modulation. 35 In this study no correlation could be detected between the PET findings and the calculated time domain parameters of heart rate variability. One possible explanation is the relatively low number of patients with preserved sinus rhythm as a precondition for this calculation. On the other hand, heart rate variability changes and raised plasma noradrenaline concentrations as markers of systemic autonomic stimulation may be independent of cardiac neuronal disturbances. In accordance, Rundqvist and colleagues found that abnormalities of cardiac sympathetic function occur at an earlier stage of heart failure than systemic sympathetic activation. 36 CLINICAL IMPLICATIONS: MARKER FOR SEVERITY OF HEART FAILURE In patients suVering from dilated cardiomyopathy, sympathoadrenergic imaging using I-123 MIBG has been evaluated as a diagnostic tool to assess severity of heart failure. I-123 MIBG cardiac retention correlates with severity of heart failure in several studies. Ejection fraction and exercise capacity as well as left ventricular tissue noradrenaline content were related to I-123 MIBG retention. 33 37-39 However, diVerentiation between various aetiologies of heart failure was not possible with this method. 40 Application of PET technology, with its superior spatial resolution and the possibility of quantitative evaluation, represents advantages concerning quantification of global and regional changes. Our study is the first to use PET and HED as sympathetic tracer in this patient population. The correlation between the extent of abnormalities of sympathoadrenergic imaging and markers for the severity of heart failure, derived from NYHA functional class and resting ejection fractions, was weak although significant.
SIGNIFICANCE OF REGIONAL SYMPATHETIC DENERVATION FOR PROGNOSIS
The significance of I-123 MIBG cardiac imaging as an independent prognostic marker was demonstrated by Merlet and colleagues 41 in 90 patients with cardiomyopathy of diVerent origin. I-123 MIBG cardiac retention was a more potent predictor of survival than radionuclide left ventricular ejection fraction, x ray cardiothoracic ratio, and echographic end diastolic diameter. However, interpretation of these findings should be done carefully, as the study population was small and consisted predominantly of patients with advanced heart failure caused by dilated cardiomyopathy. No information was provided on whether MIBG imaging was more useful in predicting sudden cardiac death or progressive heart failure, the main factors influencing prognosis of patients with ischaemic and congestive heart failure. 42 There may be several explanations for the prognostic significance of autonomic nervous system involvement in cardiac failure. Raised plasma noradrenaline concentrations are related to the severity of left ventricular dysfunction, [43] [44] [45] and indicate the degree of activation of compensatory mechanisms necessary to maintain cardiac output. On the other hand, myocardial failure is associated with functional and structural changes of cardiac autonomous innervation. The presence of regional myocardial sympathetic denervation after myocardial infarction was related to the development of arrhythmia. 46 47 Furthermore, in patients with ventricular tachycardias in the absence of coronary heart disease, regional cardiac sympathetic denervation could be demonstrated using MIBG and SPECT. 48 Inhomogeneity of electrophysiological properties and an oversensitivity to circulating catecholamines, which might be caused by an upregulation of receptors in the denervated regions, were discussed as possible mecha-nisms for the development of arrhythmia. Increased circulating noradrenaline concentrations may act as a trigger for arrhythmogenesis in this setting, 49 and may cause further deterioration of cardiac function. 50 This explanation is supported by the finding that blocker treatment reduces the incidence of arrhythmia after myocardial infarction.
STUDY LIMITATIONS
As mentioned above, this study was not designed to address the prognostic implications of sympathoadrenergic dysfunction in dilated cardiomyopathy. The number of patients was not suYcient, and the observation time too short to gain information on this matter.
Another unsolved problem is the mechanism of neuronal injury in dilated cardiomyopathy. DiVerentiation between uptake and storage abnormalities is not possible using HED as tracer of cardiac sympathetic innervation. The development of new tracers with diVerent behaviour concerning uptake, storage, and metabolism may provide better tools to answer this question.
Conclusions
In this study, using PET in combination with HED in patients with dilated cardiomyopathy, global reduction as well as regional abnormalities of cardiac sympathetic tracer uptake, with lowest values in the inferoapical segments, were demonstrated. The degree of abnormality was positively correlated to severity of heart failure. The pathogenetic mechanisms as well as the prognostic significance of these findings is still uncertain. Thus, in patients with dilated cardiomyopathy, sympathoadrenergic imaging with HED should be evaluated as a tool for selecting high risk patients for pump failure or sudden cardiac death.
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